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( 1 )
Navier-Stokes ,
$\frac{\partial u}{\partial t}+(u\cdot\nabla)u$ $=$ $-\nabla p+\nu\nabla^{2}u$ (1)
$\nabla\cdot u$ $=$ $0$ (2)
, $u=(u, v, w)$ , $(u, v, w)$ $(x, y, z)$ , $p$
, $\nu$ . ,






$\nabla^{2}\phi^{k}$ $=$ $\frac{\nabla\cdot u^{*}}{2\alpha_{k}\Delta t}$ (4)
$u^{k}$ $=$ $u^{*}-2\alpha_{k}\Delta t\nabla\phi^{k}$ (5)
$p^{k}$ $=$ $p^{k-1}+\phi^{k}-\alpha_{k}\Delta t\nu\nabla^{2}\phi^{k}$ (6)
, $k=1,2,3$ $k=3$ ,
$u^{*}$ , $\phi$ , $\alpha k=$
$[ \frac{4}{15},$ $\frac{1}{15},$ $\frac{1}{6}],$ $\gamma_{k}=[\frac{8}{15},$ $\frac{5}{12},$ $\frac{3}{4}],$ $\zeta_{k}=[0,$ $- \frac{17}{60},$ $- \frac{5}{12}]$ ,
4)
$(x)$ , $(y, z)$




1) 6) . $Re_{b}\equiv u_{b}h/\nu\leq$
3500 ($u_{b}$ , , $\nu$ )
. , $\triangle x^{+}$ 15 , $\Delta y^{+},$ $\Delta z^{+}$
6 ( , $\triangle x^{+},\triangle y^{+},$ $\Delta z^{+}$ $u_{\tau}$ $\nu$
).
3
$2(a)$ , $u_{\tau}$ $Re_{\tau}(\equiv u_{\tau}h/\nu)$ $Re_{b}$
. $(Re_{\tau}=\sqrt{aRe_{b}}, a=3.39357))$ , 8)
. DNS $\circ$ . ,
$Re_{b}$ 1100 , $Re_{m}(\equiv$
$u_{m}d/\nu)=11259)$ ($u_{m}$ , $d$ ) . $2(b)$ ,
DNS , $L_{x}^{+}(\equiv L_{x}u_{\tau}/\nu,$ $L_{x}$
) $Re_{b}$ . ,




















2: $(a)$ Variation of the wall friction as a function of the bulk Reynolds number: $0$ , present
results (turbulent); —-, empirical $correlation^{8)}$ ; –, laminar flow. $(b)$ Map of turbulent (o)
and laminar $(\bullet$ $)$ flow states in the plane defined by the length of the streamwise period of the
computational box (measured in wall units) and the bulk Reynolds number. The dashed lines
indicate the border of the region where turbulence can be sustained.
$\frac{y}{h}$
$z/h$ $z/h$ $z/h$
3: Temporally averaged velocity field for the streamwise-independent Fourier mode at $Re_{b}=$
1100 $(L_{x}/h=4\pi)$ . The cross-streamwise component is shown by vectors and the streamwise
component is represented by iso-contours. $(a),$ $(b)$ averaged over shorter $interva1288$ $/u_{b}$ in
marginal turbulent state; $(c)$ over longer interval $O(10^{4}h/u_{b})$ .
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$3(a),$ $(b)$ 4 .
, , $(a)$ $(b)$
90 . , $3(c)$ ,
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4: $(a)$ Temporal evolution of the indicator function $I:-,$ $Re_{b}=2200;----,$ $Re_{b}=1100$ .





($\omega_{x}$ , $\langle\cdot\rangle_{x}$ ), $\Omega_{i}$
$\Omega_{1}:\{(y, z)|y<z\cap y<-z\}$ ,
$\Omega_{2}:\{(y, z)|y<z\cap y>-z\}$ ,
$\Omega_{3}:\{(y, z)|y>z\cap y>-z\}$ , (9)
$\Omega_{4}:\{(y, z)|y>z\cap y<-z\}$
. 8
, $I$ 1 $(-1<I<+1)$ . $I$
$Re_{b}=1100$ ,2200 ( $L_{x}/$ $=4\pi$) , 4 $(a)$ . $Re_{b}=1100$
, $I$ , 4
. , $I$ , 4
, $I$ . $I$ rms $I’(\equiv\sqrt{\overline{I^{2}}})$
$4(b)$ . , , 4
.
$Re_{b}=1100$ , $I$ /
, $3(a)/(b)$ . $I$ ,
$y/$ $=\pm 1$ , $(z/h=\pm 1)$
. , 2 4
$($ $5(a))$ . , $I$
$($ $3(c))$ , 8
. $5(b)$ 4 $I$ $D$ . $D$






5: $(a)$ The temporal evolution of the indicator function showing the switching phenomena
of two 4-vortex pattems at $Re_{b}=1100,$ $L_{x}/h=4\pi$ . $(b)$ Indicator $I$ vs Dissipation rate $D$
normalized by laminar value $D_{Iam}$ . The initial field has $(I, D/D_{1am})=(0.72,1.35)$ . The circles
are marked at interval of $183.1h/u_{b}$ .
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$Re_{b}=1100$,1500, 2200, 3500 6 $(a, b)$ $(L_{x}/h=4\pi$ ,
$O(10^{4}h/u_{b}))$ . ,
. 6$(a)$
. , 6 $(b)$ , $\omega_{x}$ ( )
. $7(a)$ , , $7(b)$ $\omega_{x}$
. 1500
,
. , $8(a, b)$ , $8(a, b)$
, $\nu/u_{\tau}$ .





$10(a, b)$ ( $(a)$ $\nu/u_{\tau}$ ).







6: $(a)$ Temporally averaged velocity field, for the streamwise-independent Fourier mode at
(left), $Re_{b}=1500$ ; (center), $Re_{b}=2200$ ; (right) $Re_{b}=3500(L_{x}/h=4\pi$ , quadrant average
over longer interval $O(10^{4}h/u_{b}))$ . The cross-streamwise component is shown by vectors and
the streamwise component is represented by iso-contours: $(b)$ streamwise vorticity field: –,
iso-contours of positive vorticity; —-, negative vorticity.
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8: The distance $(s_{y}, s_{z})$ of the stagnation points from the corner, $(a)$ scaled by duct half
width $h,$ $(b)$ scaled by $\nu/u_{\tau}$ . Symbols: $0$ distance to $y/h=-1$ ; $\cross$ distance to $z/$ $=-1$ (see
fig. 7 $(a))$ .
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9: The distance $(s_{y}, s_{z})$ of the maximum points of mean streamwise vorticity from the corner,
$(a)$ scaled by duct half width $h$ . $(b)$ scaled by $\nu/u_{\tau}$ . Symbols: $0$ distance to $y/h=-1;\cross$
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10: Mean local wall shear stress normalized by the average over the whole walls at four
Reynolds numbers $(L_{x}/$ $=4\pi)$ , as a function of the distance $(a)$ from the comer, $y_{w}^{+}$ in
wall units, $(b)$ from the wall bisector, $y/h$ . $(c)$ The distance of the local minimum (o) and
maximum $(\cross)$ of mean wall shear stress from the corner in wall unit, $d_{w}^{+}$ .
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11: The PDF of the position of vortex centers: $(a),$ $(b)Re_{b}=1100;(c),$ $(d)Re_{b}=2200$
$(L_{x}/$ $=4\pi)$ . $(a),$ $(r\cdot)$ vortices with positivc $($ clockwise $)$ streamwise vorticity; $(b),$ $(d)$ nega-






12: Time evolution of the positions of local minimum point of the streamwise averaged wall
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13: The PDF of the position of low-velocity streaks on the duct wall: –, $Re_{b}=1100$ ;
$-0-,$ $Re_{b}=1500;-\cdot$ –, $Re_{b}=2200;----,$ $Re_{b}=3500$ .
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